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Some Investigations into the Dynamic Mass Transfer
at the Slag–Metal Interface Using Sulfur: Concept
of Interfacial Velocity
LUCKMAN MUHMOOD, NURNI N. VISWANATHAN,
and SESHADRI SEETHARAMAN
In the current work, dynamic studies of mass transfer of sulfur from the gas phase to the metal
phase of pure iron through CaO-SiO2-Al2O3-FeO quaternary slag were carried out. X-ray videos
were taken that were later processed to identify the oscillation of the metal drop occurring during
the mass transfer. It was observed that the metal drop had hybrid oscillations. Each of these
oscillations could be identiﬁed as composed of a symmetric and an asymmetric element, which
was attributed to the changes in the shape of the droplet. The latter (asymmetric part) could be
identiﬁed by the deviation of the left and right contact angles from the stable conﬁguration. The
symmetric oscillations were traced to the surface movement of sulfur at the interface, which
created an instantaneous area change at the slag–metal interface. This area change was due to the
combined eﬀect ofMarangoni ﬂow and interface dilatation. The velocity of sulfur at the interface
was calculated from the area change and had a maximum order of magnitude as 104 m/s. It was
also observed that the interfacial velocity increased with increase in temperature.
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I. INTRODUCTION
NUMEROUS investigations have been carried out
on surface phenomena, especially surface tension and
surface energies pertaining to both slag and metal/alloy
systems.[1–5] Interfacial phenomena studies mainly
focusing on Marangoni forces and interfacial tensions
have also been dealt with extensively.[6–10] The potential
drive for this extensive research is the importance of
interfacial reactions in metallurgical process occurring
during metal reﬁning, degasiﬁcation process, and slag
entrapment. However, some issues with respect to the
interfacial properties need to be addressed, viz. interfa-
cial viscosities (both shear and dilatational). Currently,
there has been no accurate measurement of these
properties, although extensive studies have been carried
out in colloidal systems. To the knowledge of the
current authors, the only experiments to measure the
surface shear viscosity were conducted by Popel et al.[11]
and Hara et al.[12] using an oscillating method and
rotating plate viscometer, respectively. The authors
obtained diﬀerent viscosity values as a function of
immersion depth. However, because the interface is of
only few atomic layers thick, the values obtained would
strictly not represent the surface property but would be
closer to the bulk values. To study these properties, it is
highly essential to focus on dynamic interfacial phe-
nomena as these properties involve changes in ﬂow rates
and interfacial areas.
The current work takes inspiration from the earlier
works wherein it was reported that during intense mass
transfer between two phases, low apparent interfacial
tension resulted.[13–15] In these works, iron containing
higher oxygen content was introduced into a slag–iron
system that was maintained already at equilibrium at a
lower oxygen level. A sharp decrease in the interfacial
tension was observed caused by the surface-active
oxygen and, consequently, was dependent on the oxygen
content in the liquid iron. This diﬀerence later decreased
but was stabilized at a lower interfacial tension. How-
ever, because the mass transfer involved a solid–solid
interface, the question arises regarding the precision of
the values obtained.
Another work along around which the concept of the
present article revolves is that of Jakobsson et al.[16] In
this work, mass transfer of sulfur from gaseous phase to
a metal drop through an alumina-saturated CaO-SiO2-
Al2O3-FeO slag to the metal sample (sulfurization
process) was envisaged. In this work, the source of
sulfur would be a gas. In this way, the errors involved by
mixing and other similar phenomena were reduced. It
was observed using an X-ray source that, under dynamic
conditions, the drop shape changed because of the sulfur
movement along the interface and into the bulk of the
drop. The property ‘‘interfacial velocity’’ using sulfur
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was estimated by these authors semiempirically. The
experiments needed precision and the data analysis as
well as modeling required reﬁnement. The current work
is aimed at analyzing the interfacial phenomena more
critically during the sulfurization of iron. This would
involve an in-detail study of the nature of the oscilla-
tions occurring because of the movement of sulfur at the
slag–metal interface and the calculation of the interfacial
velocity. A rigorous formulation of the concept of
interfacial velocity needed to be formulated as a part of
the current work.
II. THEORY
In the current work, the eﬀect of a surface-active
element like sulfur at the iron–slag interface is consid-
ered as a means to measure interfacial velocity. Sulfur,
delivered by a gas mixture of Ar-CO-SO2 at the surface
of a slag, would pass through the slag composed of
CaO-SiO2-Al2O3-FeO and reach to the molten metal
drop. As oxygen present in the gas mixture is also a
potential competitor for sulfur, the chemical potential of
oxygen was maintained the same in gas, metal, and slag
phases. This would ensure that sulfur would be the only
species entering the metal phase via the slag–metal.
A. Concept of Interfacial Velocity
An attempt to quantify the interfacial velocity, based
on experiments examining the interfacial phenomena,
was made (as mentioned earlier) ﬁrst in a research work
conducted at the Division of Materials Process Science,
Royal Institute of Technology.[16] During the sulfuri-
zation process of pure iron using a gas mixture of
Ar-CO-CO2-SO2, it was found that the drop oscillated
after roughly one hour from the commencement of the
gas introduction into the furnace. The following expla-
nation was given as the cause for these oscillations,
which is illustrated in Figure 1. Sulfur was transferred
from the gas phase to the metal phase through an
alumina-saturated quaternary slag consisting of CaO-
SiO2-Al2O3-FeO. As the slag and the metal were
maintained under equilibrium condition at 1886 K
(1612 C) throughout the experiment in the constant
temperature zone of the furnace (±2 K/± 2 C), the
thermal convection in the slag and metal phases were
assumed to be negligible. Hence, diﬀusion through slag
medium was the only possible mechanism for sulfur to
reach the slag–metal interface. It was also assumed that,
because the electrochemical reactions taking place at
the slag–metal interface were instantaneous, the impact
of these reactions could be neglected. Because of the
contour of the sessile drop, the slag above it was
divided approximately into two regions as shown in
Figure 1. Region 1 was the shortest path to the metal
drop; hence, the sulfur would reach the slag–metal
interface at this region initially. This would result in an
interfacial tension gradient along the slag–metal inter-
face, which would induce Marangoni ﬂow leading to
the ﬂattening of the drop. The ﬂow of sulfur along the
contour of the metal drop, together with the diﬀusion
of sulfur into the bulk, would result in the depletion of
sulfur from the top of the metal drop, which in turn
would regain its shape temporarily. A mathematical
formulation using mass-balance equations was made
through which the order of magnitude of the interfacial
velocity was determined as 106 m s1 semiempirically.
The drawback of this research work was that repro-
ducibility was not ascertained and the temperature
dependence was not measured. Hence, the current
authors have designed a new set of experiments by
which the interfacial velocity could be determined
experimentally. In the current work, Ar-CO-SO2 was
used to maintain the po2 and ps2 pressures at 10
4 and
103 Pa, respectively. The oscillations observed in accor-
dance with the mechanism explained previously would
lead to a change in the contour of the drop. This was
attributed to the dilatational eﬀect caused by the
Marangoni ﬂow. The interfacial area in this case would
change; hence, it was necessary to compute this change
in interface area to measure the velocity resulting from
the concentration diﬀerence of sulfur at the interface.
Because the cause and eﬀect of the interfacial area
change was from the same source, the area change
during an oscillation would enable the determination of
the interfacial velocity of sulfur.
B. Gas–Slag–Metal Equilibrium
Equilibrium conditions for the gas–slag–metal system
were maintained at 1823 K (1550 C) and 1 bar
pressure. The gas–slag–metal equilibrium is represented
in Figure 2.
The gas mixture entering the furnace space, especially
the crucible, undergoes an instantaneous redox reaction
because of the high temperature prevailing, and an
equilibrium partial pressure of S2 gas is maintained.
The sulfur gas reaching the gas–slag interface then
undergoes an electrochemical reaction by which it forms
S2– ions and positive charges.
S2 þ 4e ! 2 S2
  ½1Fig. 1—Droplet oscillation caused by sulfur movement along thesurface and bulk of the metal droplet.
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These sulfur ions then move down through the slag
phase because of the chemical potential diﬀerence
and migrate to the slag–metal interface where they
again undergo an electrochemical reaction in which
the sulfur ions are converted to atoms in the metal
phase.
S2
 $ Sþ 2e ½2
Because sulfur is a surface-active element, most of the
atoms will move along the surface of the metal drop,
whereas some of them would enter the metal bulk phase
to a particular depth. Assuming that the electrochemical
reactions taking place at the interfaces are extremely
fast[17] and the eﬀect of the convection ﬂow on mass
transfer is negligible as the temperature gradient is
insigniﬁcant, the surface velocity of sulfur at the slag–
metal interface could be estimated from the oscillations
produced because of the superﬁcial movement of the
sulfur ions.
As shown in Figure 2, the slag–gas interface has a
concave interface contour, whereas the contour of the
slag–metal interface is convex. Hence, the distance
between the corresponding points in the slag–gas
interface and that of the slag metal interface is actually
building up as one goes from point ‘‘a’’ toward point
‘‘b,’’ the outer edge of the drop. It is possible to estimate
approximately the time taken for sulfur to reach various
parts on the contour, viz. point ‘‘a’’ to point ‘‘b.’’
Considering adjacent points along the contour to be of
the order of 0.01 mm and knowing the order of
diﬀusivity of sulfur in slag to be 106 cm2 s1,[18] it
can be established easily that the diﬀerence in time for
sulfur to reach these points would be of the order of
0.1 seconds. Because the order of magnitude of sulfur
diﬀusion in metal phase is two orders of magnitude
higher than that in the slag phase and considering that
the surface diﬀusion of sulfur in the metal phase is
predominant in comparison with the bulk diﬀusion, we
can conclude that this time diﬀerence (0.1 seconds) is
enough for the ﬁrst atom to move around the curved
interface, giving rise to the oscillation movement. Hence,
the video recording time would be large enough to
capture this oscillation.
C. At the Interface
As shown previously, interfacial velocity is the com-
bined eﬀect of the Marangoni force (force caused by an
interfacial tension diﬀerence) and the forces that cause
interface dilatation. Thus, it would be of great interest to
study the force balances at the interface during such
mass transfer process. The basic assumptions for the
current approach are as follows:
(a) Constant partial pressures of oxygen and sulfur are
maintained in the gas phase and lgaso  lgass which
would establish that sulfur enters the metal phase
predominantly.
(b) The interfacial reactions are electrochemical in
nature and take place fast in comparison with the
diﬀusion process.[17]
(c) The diﬀusion of sulfur into the bulk of the metal
phase is much slower in comparison with the surface
diﬀusion because of the availability of ‘‘dangling’’
metallic bonds at the interface.
The sulfur reaching the interface will be experiencing
the following forces:
(a) An upward force because of the pull toward the slag
phase. This upward pull would depend mainly on
the sulﬁde capacity of the slag.
(b) A downward pull toward the metal phase mainly
because of the free metal bonds at the surface and
the gravitational force, the latter in this case being
negligible.
(c) Marangoni force caused by the surface/interfacial
tension gradient on the surface of the metal drop at
the slag–metal interface. The force would act along
the interface in a direction toward the lower surface
concentration of the surfactant.
(d) Dilatational force that causes an increase in the
surface area because of the varying interfacial ten-
sion force.
(e) Brownian motion of the sulfur atoms that would
depend on the temperature of the system.
D. Dimension Analysis and Dependence on Other
Properties
To ﬁnd a suitable equation for the interfacial velocity,
a dimension analysis approach was used. In this
approach, the velocity is written as a function of the
possible terms that would have a direct eﬀect on it.
Interfacial tension, r: This variable has a direct eﬀect
on the interfacial velocity as it represents the degree of
bonding at the surface. The greater the bonding, the
lower will be the interfacial velocity. The surface tension
can be measured from the contour of the sessile drop
using the Adams-Bashforth equation.[19]
Interfacial shear viscosity,[20] lS: This variable has a
limited impact on the interfacial velocity as it represents
the resistance oﬀered on the interfacial layer by the
immediate layer beneath. It also depends on the
Fig. 2—Gas–slag–metal equilibrium with interfaces.
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interfacial tension, in the absence of an external shear






Interfacial dilational viscosity,[21] Kd: It represents the
increase in area caused by the relative movement of
the atom layers. It is represented as




Surface diﬀusion of sulfur in slag, DS: This is related to
the interfacial velocity as it directly represents the
movement of the sulfur atoms due to concentration
gradient at the interface. It is generally estimated by
suitable chemical or radioactive experiments.
Writing the surface velocity as a function of the above
variables
v ¼ f r;DS;Kd; lSð Þ ½3
Using the dimensional analysis approach
v ¼ CraDbSKcdldS ½4
Where C, a, b, c and d are constants. By solving












The term within the square brackets of Eq. [5] is
dimensionless. Because C and d are constants that need
to be calculated experimentally, an alternate way to
solve Eq. [5] would be to collect the constants together








































on the x-axis. A smooth curve
could be ﬁtted to ﬁnd the nature of the unknown
function.
During dynamic studies, it is not reliable to calculate
the interfacial tension because nonequilibrium condi-
tions prevail. However, the interfacial tension values can
be substituted with contact angle as
r ¼ k00= cos h
Interfacial velocity can be measured for surface-active
elements like oxygen, sulfur, and phosphorous, all of
which are important in metallurgy. Depending on the
size of these atoms and the aﬃnity of the free iron bonds
on the metal surface to attract them, the interfacial
velocities may vary. A higher velocity would indicate
an easy removal from the surface during reﬁning.
Furthermore, because there is a dilatational term
involved, the interfacial area change would play a
crucial role in the reﬁning process as well.
III. EXPERIMENTAL
A. Materials
In the current work, iron (99.995 pct pure) was
selected as the metal phase and was kept immersed in
a CaO-SiO2-Al2O3-FeO molten slag of well-deﬁned
composition. Dense alumina of 99.7 pct purity was
selected as the crucible material. The slag was chosen in
the alumina-saturated region to avoid any reaction with
the crucible material. The composition of the slag and its
purity are shown in Table I. FeO was prepared from
iron powder and Fe2O3. The two components were
mixed in a suitable ratio so that the resulting FeO could
have a composition close to the FeO/Fe phase boundary
at the experimental temperature.[22] The mixture was
then heated in a closed iron crucible in argon atmo-
sphere at 1273 K (1000 C) for 24 hours and later
quenched. An X-ray diﬀraction analysis of FeO thus
produced showed that the sample corresponded to
wu¨stite and that it contained no free iron or magnetite.
From the diﬀraction pattern, the lattice parameter of the
FeO produced was computed to be 4.30 A˚, which is in
agreement with the literature value of 4.3088 A˚ given by
the X-ray database.
The gas mixture used during the experiment was
composed of Ar-CO-SO2. The gas mixture was intro-
duced at a predetermined ﬂow rate so that the pO2 and pS2
partial pressures were 104 and 103 Pa, respectively; these
values were veriﬁed using Thermo-Calc (Sweden).[23]
B. Apparatus
The apparatus used for the sessile-drop measurements
consisted of an X-ray unit equipped with an image
analyzer and a graphite resistance furnace. A schematic
diagram of experimental apparatus is shown in Figure 3.
This combination of X-ray unit and the high-tempera-
ture furnace was employed to observe the metal drop
immersed in the slag to monitor the interfacial phenom-
ena and the shape of sessile drop. The X-ray unit used
was a PHILIPS BV-26 imaging system with an X-ray
source ranging from 40 to 105 kV. The imaging system
consists of a charge-coupled device (CCD) camera with
digital noise reduction. The recording system consists of
a Dell PC equipped with an image acquisition card to
Table I. Details of the Raw Materials Used for Slag
Preparation
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monitor and record the X-ray images at a maximum rate
of 25 frames per second.
The furnace used in the experiments was the model
1000-3500-FP20 acquired from Thermal Technology
Inc. (Santa Rosa, CA). It is equipped with graphite
heating elements (eﬀect = 20 kVA). The furnace tem-
perature was controlled by a type B thermocouple.
Quartz windows of 40 mm in diameter were provided
on the opposite sides of the furnace for the X-ray source
and detector. A recrystallized Al2O3 reaction tube, with
an inner diameter of 60 mm, was positioned vertically in
the furnace. Radiation shields were placed inside the
reaction tube on both sides of the even temperature zone
to extend the same. Experiments for temperature cali-
bration showed that the temperature was constant
within ±2 K(±2 C) over a length of at least 50 mm
under the conditions of the current experiment.
An appropriate gas-cleaning train was incorporated in
the system to ensure that the impurity levels in the argon
gas used were low. Argon gas was dried by silica gel and
Mg(ClO4)2. Ascarite was used to remove carbon dioxide.
Traces of oxygen were removed by passing the gas ﬁrst
through copper turnings at 903 K (630 C) and then
through magnesium chips at 703 K (430 C). The entire
system was capable of operating under vacuum as well as
under argon or other gasmixtures. The ﬂow rate of the gas
was controlled and monitored using BRONKHORST
HI-TEC mass ﬂow meters/controllers connected to a
channel digital readout and control system FLOW-BUS.
The gas coming out from the furnace was led through an
oxygen probe situated in a separate furnace outside the
main reaction furnace. This oxygen probe was equipped
with calcia-stabilized zirconia galvanic cell maintained
at 973 K (700 C) with air as the reference electrode
monitoring the oxygen partial pressure of the outgoing
gas. According to the literature,[24] gas mixtures do not
attain equilibrium at temperatures below 1273 K
(1000 C). In the current experimental setup, the oxygen
sensor was used mainly to monitor the stability of the pO2
of the gas mixture entering the furnace. The oxygen
sensor was initially calibrated with O2 gas prior to the
experiment.
C. Methodology
Pure iron metal of 2.11 g and 22 g slag were taken in
the alumina crucible and were heated up to 1823 K
(1550 C) in the X-ray apparatus. The sample was held
at constant temperature for approximately 110 minutes
in an atmosphere of Ar-CO-CO2. The ratio of gases was
chosen so that the Fe/FeO equilibrium was maintained
at high temperatures. After holding the sample at the
temperature of interest, a gas mixture of Ar-SO2-CO
was passed at predetermined ﬂow rates. The ﬂow rates
of the gases ensured no change in the oxygen partial
pressure in the gas phase and the partial pressure of
sulfur in the system was maintained at 103 Pa. X-ray
photographs as well as videos were taken to conduct the
dynamic as well as static measurements. Suitable
amounts of the metal and the slag were chosen so that
a slag thickness of roughly 1–1.5 mm was maintained
above the metal, thus ensuring least recording time for
the X-ray machine to capture the sulfur entry.
For calculating the time for sulfur diﬀusion to occur
through the slag and reach the slag–metal interface, a
mathematical model was developed for 1-dimensional
diﬀusion.[18] This model was validated later by experi-
ments.[25] The inputs to the model were the density of
the slag, density of the metal, sulﬁde capacity of the slag,
solubility sulfur in liquid iron, and diﬀusivity of sulfur in
the slag and liquid iron. The density of the slag was
measured using the sessile drop technique, the density of
the metal, and the diﬀusivities of sulfur through liquid
iron and slag was taken from data available in the
literature.[26,27] The sulﬁde capacity was calculated from
Thermoslag.[28] A program was written in MATLAB[29]
for estimating the time taken for sulfur to reach the
slag–metal interface. The estimated time for sulfur
to reach the slag–metal interface was calculated as
10 minutes. Accordingly, videos were taken intermit-
tently for the ﬁrst 40 minutes after the sulfur source
injection into the system. Because of the limitations in
the video recording time by the X-ray apparatus, it was
not possible to record the oscillations for more than
32 minutes.
D. Realization from Experiments
As discussed previously, the movement of sulfur along
the interface of the sessile drop could be traced by the
ﬂuctuations in the surface of the drop. The same was
observed in previous experiments as well.[16] To estimate
the surface velocity resulting from the sulfur concentra-
tion variation at the interface, the oscillation of the drop
should be taken into consideration. The oscillations of
the drop would lead to a change in the surface area of
the metal drop. This change in surface area could be
equated with a circle of a deﬁned radius. Hence, the
change in the drop shape because of oscillation would
lead to the change in surface area and, consequently, a
change in the radius of the circle. As both the cause and
eﬀect of the change in drop surface area could be
attributed to the sulfur concentration change along the
interface, one cycle consisting of a dip and rebound of
the interface area is needed to be considered at a time.
Fig. 3—A schematic illustration of apparatus.
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If Rt is the radius of the equivalent circle of the drop
with initial surface area At at any time t and Rt+Dt is the
radius of the circle for drop with surface area At+Dt at
the next instant t+Dt, the relationship between the
change in interfacial velocity of sulfur at the interface
and the rate of change of the radius causing the
oscillation of the drop is given by the equation
vinstantaneous ¼ RtþDt  RtDt ½8
IV. RESULTS AND DISCUSSION
A. Calibration
Prior to the experiments, a calibration of the X-ray
apparatus was carried out by investigating the surface
tension of silver. Approximately 1.508 g silver was
reduced initially in a thermogravimetric unit in hydro-
gen atmosphere and slowly cooled ensuring that there
was no residual hydrogen. The surface tension of this
silver specimen was measured in the current X-ray
sessile drop unit. The surface tension of silver was
measured at 1273 K, 1303 K, 1335 K, and 1378 K
(1000 C, 1030 C, 1062 C, and 1105 C). A relation-
ship between the surface tension and temperature was
derived, and this relation was used to ﬁnd the surface
tension at the melting point. The surface tension values
are shown in Figure 4.
Extrapolating the surface tension value for silver to its
melting point, the value obtained was estimated to be
939 mN/m, which is in good agreement with the values
of other researchers as shown in Figure 4.
The furnace had also been calibrated earlier with
other metals like copper, nickel and iron[8]
Cu : r Nm1
  ¼ 1:322 0:3286 103 T 1356 Kð Þ
Ni : r Nm1
  ¼ 1:810 0:3286 103 T 1728 Kð Þ
The temperature calibration of the furnace was done
by using pure iron sample. The iron sample of mass 2 g
and purity 99.995 pct was loaded in an alumina crucible.
The melting point of iron was measured, and using this
temperature, the furnace was calibrated. The uniform
temperature zone was measured using a B-type thermo-
couple kept close to the molten metal and slowly lifting
it to a predetermined height; hence, the temperature
variation along the crucible height could also be
determined. The crucible was observed to be in the
uniform temperature zone.
B. Slag Density Estimation
The estimation of interfacial tension between slag and
metal requires the knowledge of the respective densities.
As the density of pure iron metal is well known, only the
density of the slag used was to be precisely determined
to calculate the interfacial tension. Approximately
0.41 g slag was made to a pellet and then mounted on
a Pt-30 pct Rh foil, which was ﬁnally placed in the
furnace. The volume variation with respect to temper-
ature was studied with the help of X-ray radiography.
This change in volume was used later to ﬁnd the density
of the slag. The value thus obtained was compared with
the model developed by the division. The model was
validated previously by the current authors by conduct-
ing density measurements using Archimedes princi-
ple.[33] Figure 5 shows the various stages of the slag
pellet with temperature increase. The density and
surface tension values of the slag were calculated atFig. 4—Surface tension values of pure silver.
Fig. 5—Density calculation of 22.9 pct CaO – 18 pct SiO2 – 54.1 pct Al2O3 – 5 pct FeO quaternary slag. (a) pellet at room temperature, (b) at
1823 K (1550 C) after 105 min holding, and (c) at 1873 K (1600 C) after 100 min holding.
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1823 K and 1873 K (1550 C and 1600 C), respec-
tively. Table II shows the variation of the density and
surface tension with respect to temperature increase.
The experimental density values were also compared
with those obtained using the model developed by
Persson et al.[34] corresponding to similar temperatures.
C. Work of Adhesion and Interaction Coefﬁcient
The work of adhesion[35] is an indication of the work
required to be done to separate the metal and slag
phases. This represents (at least partially) the force that
would oppose the movement of sulfur at the interface. It
also represents the degree of interaction between the
metal and slag phases. When the work of adhesion
increases, the interfacial velocity of sulfur would
decrease. It is deﬁned as
Wad ¼ rm þ rs  rms ½9
The interaction coeﬃcient (/) from the Girifalco and
Good equation[36] is a measure of the interaction
between two condensed phases (here: slag and metal)
and is deﬁned as the ratio of the work of adhesion
between the two phases and the square root of the work












For pure iron the surface tension is given as[37]
rm ¼ 1872 0:49 T TMð Þ ½11
For the current slag–metal system, the work of
adhesion is computed and shown in Table III. The
table shows that the interaction between slag and metal
phases increases with increase in temperature as the
interaction being repulsive, there would be a lower
energy required for the sulfur atoms to move along the
interface at 1873 K (1600 C). The same is observed by
a decrease in the work of adhesion with respect to
temperature increase.
D. Interfacial Oscillations and Velocity
As we have discussed previously, the movement of
sulfur along the interface of the sessile drop could be
traced by the ﬂuctuations in the surface of the drop.
These oscillations were absent before the introduction of
sulfur into the system. The same was observed in
previous experiments by Jakobsson et al.[16] To estimate
the surface velocity of sulfur at the interface, the
oscillations of the drop were taken into consideration.
Figure 6 shows the sessile drop contour at diﬀerent time
intervals. As observed from the ﬁgure, it is diﬃcult to
identify the change in the height and width of the drop
manually. However, a signiﬁcant change in contact
angle can be visualized. The dynamic oscillations were
captured by the X-ray CCD camera run on a video
mode. The video ﬁles taken were then segmented into
picture frames at the rate of 25 frames per second using
VirtualDub ver.1.9.9.0 software. This would help in
identifying individual oscillations and could keep record
of the time between depression and expansion (dip and
rebound) of the drop. As cropping the picture frames
would introduce human errors, it was decided to use a
MATLAB[29] program to crop the frames with the same
threshold value for each frame. Additionally, a program
Table II. Surface Tension and Density Values of 22.9 pct











1823 (1550) 325.4 2.74 2.97
1873 (1600) 292.3 2.69 2.94
Table III. Work of Adhesion and Interaction Coeﬃcient Variation with Temperature
Temperature, K (C) rm (mN m1) rs (mN m1) rms (mN m1) Wad (mN m1) Interaction Coefficient /
1823 (1550) 1865.1 325.4 1417.8 772.7 0.496
1873 (1600) 1840.6 292.3 1375.9 757 0.516
Fig. 6—X-ray images of the iron drop in slag (left to right) at 5 min, 17 min, and 32 min from start of SO2 injection.
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was written to identify the change in height as well as the
width of the sessile drop from these picture frames. The
change in height/width was later plotted as a function of
time. However, the variation in the height/width of the
drop was roughly 3–4 pixels. This variation seemed to
be too low as it approximated to roughly 0.3 mm in
terms of 5.16 mm drop height and 9.03 mm drop width.
The variations are comparable with human/manual
errors.
The estimation of the interfacial tension from the
sessile drop contour under dynamic mass transfer is
diﬃcult because of the unstable sessile drop contour,
because the stable condition of the drop is obtained
from the force equilibrium between the gravitational
force and the surface/interface tension force. A change
in the interfacial tension could cause a sudden imbalance
in the drop shape. The time required for the drop to
relax from this unsteady position is more than the frame
speed (25 frames/s) at which the individual frames are
obtained from the software. For this reason, the contact
angle was used as a measure of the change in interfacial
tension. From Figure 7, the interfacial tension between
the iron drop and the slag phase can be given as a
function of the diﬀerence between the interfacial ten-
sions of the slag–alumina substrate and the iron–
alumina substrate.
rFeslag ¼ rslagalumina  rFealumina
cos h
½12
It was decided to trace the oscillations with respect to
the contact angle variation. It was observed from prior
experimental trials that the drop shape stabilized after
holding at a constant temperature for 90 minutes.
Accordingly, the contact angles (both left and right)
for the drop at 1823 K (1550 C) held for approximately
110 minutes were taken as the stable conﬁguration.
Using the data generated by the height/width variations,
three time frames (6 minutes 40 seconds, 17 minutes
and 37 minutes from the Ar-CO-SO2 gas mixture
injection) of roughly 2 seconds duration each were
focused on, from which approximately 50 frames each
were analyzed. It could be identiﬁed that there were two
modes of oscillations: one in which the left and right
contact angles either both increased or decreased at the
same time (which was called symmetric oscillations
based on the concept put forward by Jakobsson
et al.[16]) and the other wherein the increase/decrease
of the left contact angle resulted in the decrease/increase
of the right contact angle (these oscillations were termed
as asymmetric oscillations). One reason for the asym-
metric oscillations is likely to be the deviation of the
position of the sessile drop from the actual center, an
extremely slight inclination of the surface or the
nonuniform concentration of sulfur at the interface.
The variation in the contact angle ranged from 8 to
10 deg, which was acceptable for the current evalua-
tions. Oscillations were captured from the time the
contact angles of the iron drop matched with that of the
stable conﬁguration. This condition was chosen as
identiﬁcation for both the start and end of an oscilla-
tion. Figure 8 shows the two modes of oscillations
taking place during dynamic mass transfer.
In the 150 frames analyzed, the left and right contact
angles of the sessile drop were measured manually. The
contact angles of the stable conﬁguration of the sessile
drop were obtained from the X-ray image grabbed after
holding the metal drop in the slag phase at 1823 K
(1550 C) for approximately 110 minutes. The devia-
tions of the left and right contact angles of the individual
frames from those corresponding to the stable conﬁg-
uration of the drop were plotted as a function of time.
The hybrid oscillations taking place between 1016 and
1018 seconds from the introduction of the sulfur source
into the slag–metal system is shown in Figure 9. Here,
the asymmetric oscillations have been labeled using a
star symbol.
The oscillations were assumed to follow a sinusoidal
curve and, hence, the total angular displacement caused
Fig. 7—Forces acting on the sessile drop under equilibrium
conditions.
Fig. 8—Modes of oscillation occurring during mass transfer of sulfur
(a) symmetric (b) asymmetric.
Fig. 9—Hybrid oscillations of the drop measured as a function of
the change in the contact angle from the stable conﬁguration of the
metal drop. The star symbol represents the asymmetric oscillations.
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by the combination of symmetric and asymmetric parts
could be written as
R00 ¼ A01  Sin x1  tð Þ þ A02  Sin x2  tþHð Þ ½13
where suﬃxes 1 and 2 represent the symmetric and
asymmetric oscillations, respectively.
An eﬀort was made to distinguish these oscillations
mathematically; however, it was diﬃcult to obtain
reasonable nonlinear curve ﬁt from the data points.
The angle variation from the stable conﬁguration for
both left and right contact angles as a function of time is
shown in Figures 10 and 11, respectively. It can be
observed that the deviation from the stable proﬁle of the
drop increases with time initially but later tends to
decrease as it reaches roughly 2222 seconds. The oscil-
lations increase to a maximum amplitude at approxi-
mately 1018 seconds. Furthermore, it can also be
observed that the deviation from the stable proﬁle tends
to be positive as time increases, indicating that sulfur
has been absorbed by and accumulated in the drop and
the contact angles have consequently increased resulting
in a lower interfacial tension. The deviations from the
stable conﬁguration at 39–40 seconds were plotted to
verify that the oscillation occurred because of the sulfur
concentration variation at the interface and because of
thermal convection.
After identifying individual oscillations, four frames
were taken for each oscillation, which would represent
the ﬁrst expansion (initial condition), depression (dip),
and second expansion (rebound). These frames were
then processed using a Didge image digitizing software.
The software gave the coordinates of the contour of the
sessile drop based on a scaling factor. These proﬁle
coordinates were used later to get the surface area of the
sessile drop from a program written in MATLAB .[29]
The program gave the volume and the interfacial area of
the drop. From the actual volume of the drop, the actual
interfacial area could be computed. As mentioned
previously, the change in surface area between frames,
and consequently, the interfacial velocity, could be
calculated. Figure 12 shows the variation in interfacial
velocity as a function of time. The estimated error in
measurement was ±6 pct.
Similar experiments were conducted also at 1873 K
(1600 C) to ﬁnd the eﬀect of temperature on the
interfacial velocity. Here, the time frame was chosen
corresponding to the maximum oscillation amplitude at
1823 K (1550 C). The whole frame processing steps
were repeated. A computation of the interfacial velocity
at 1873 K (1600 C) shows that this velocity increases
with temperature increase. The thermophysical and
thermochemical properties of the slag used in the
calculations were retrieved from Thermoslag software
and are shown in Table IV.
As shown in the tables, the activity of FeO increases
with temperature; hence, there is an increase in the
Fig. 10—Variation of left contact angle as a function of time. The
time frames 39–41, 399–402, 1016–1018, and 2220–2222 s are too
small for the time scale; hence, the contact angle variation
appears piled one over the other. Inset in the graph are the
oscillations for time frame 1016–1018 s. The deviation of the left
contact angles from the equilibrium value for time frame 39–41 s
was shown to observe the oscillations occurring because of the
sulfur concentration variation at the interface and not because of
thermal convection.
Fig. 11—Variation of the right contact angle as a function of time.
The time frames 39–40, 399–402, 1016–1018, and 2220–2222 s are
too small for the time scale; hence, the contact angle variation
appears piled one over the other. The increase in the deviation from
the equilibrium value indicates that the oscillation was a result of
sulfur concentration variation along the interface and not because of
thermal convection.
Fig. 12—Interfacial velocity variation as a function of time and tem-
perature.
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sulﬁde capacity of the slag. However, because the
viscosity of the slag decreases and the repulsive interac-
tion between the metal and slag increases, the movement
of sulfur along the interface is facilitated. From the force
balance acting on sulfur at the interface, it could be said
that the surface tension diﬀerence along the interface is
decisive along with the extent of decrease in the viscosity
of the slag and metal phases, for estimating interfacial
velocity at higher temperatures.
Because the concept of interfacial velocity involves a
dilatational term, it could be possible to compute the
dilatational viscosity/modulus of the system at the
concerned temperatures. An attempt to compute this
would be presented as a separate paper because of the
size limitations of this manuscript.
V. CONCLUSIONS
Dynamic mass transfer of sulfur was studied between
pure iron and CaO-SiO2-Al2O3-FeO quaternary slag
using X-ray studies in a sessile drop furnace. Ar-CO-SO2
gas mixture was used as the sulfur source to avoid any
mixing eﬀects. The metal drop was found to oscillate
approximately after 6 minutes of SO2 introduction. The
oscillations were studied and it was found to be a hybrid
of symmetric as well as asymmetric oscillations. Eﬀorts
were made to calculate the change in surface area of
the metal drop during the mass transfer to estimate
the interfacial velocity. The order of magnitude of the
interfacial velocity was found to reach a peak value of
the order of 104 m s1 and had a positive dependence
on temperature.
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NOMENCLATURE
r instantaneous interfacial tension diﬀerence from
the equilibrium condition (mN m1)
lS interfacial shear viscosity (mN m
1 s (sP))
Kd interfacial dilatational viscosity (mN m
1 s (sP))
v surface/interfacial velocity (m s1)
X thickness of the surface/Interface layer (m)
t time (s)
At instantaneous interfacial area at any time t (m
2)
R radius of the circle with area equivalent to the
interfacial surface area (m)
DS surface diﬀusion of sulfur in slag (m
2 s1)
k’’ apparent interfacial tension (mN m1)
T temperature (K)
TM melting point of pure iron (K)
Wad The work of adhesion between slag and metal
(mN m1)
rm surface tension of the metal at temperature
T (K)
rs surface tension of the slag at temperature T (K)
rms interfacial tension at the slag–metal interface at
temperature T (K)
/ interaction coeﬃcient
Wmco work of cohesion of the metal phase (mN m
1)
Wsco work of cohesion of the slag phase (mN m
1)
h contact angle (degrees)
R¢¢ total angular displacement (radians)
A¢ amplitudes of the oscillations
x oscillation frequencies (s1)
H phase diﬀerence between the symmetric and
asymmetric oscillations (degrees)
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